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INTRODUCTION
The rapid increase of nanotechnology can be expected to result in increased rates at which engineered nanoparticles (NPs) are entering the environment. The nature of some common nanotechnology products, including cosmetics, textiles and personal care products, means that NPs can be expected to enter wastewater streams, where within sewage systems they may sediment into the sludge material. The deposition of this waste to land provides a route by which these released NPs may enter into soil ecosystems [1] [2] [3] . Once in the environment, there is the potential for metal-based NPs or metal ions, that are derived following their solubilisation, to come into contact with organisms and hence to be accumulated [4] [5] [6] [7] .
The prevailing ecotoxicology paradigm states that for effects to occur it is necessary for the material to be taken up into the body, and ultimately reach a target site. For conventional chemicals, the concepts of toxicokinetics and toxicodynamics are well established as a coherent framework that links exposure to toxic effects [8] . There is reason to expect that this paradigm will be relevant for NPs, although some debate remains concerning the extent to which toxicity may be dependent on the biological interactions resulting once NPs enter tissues and cells. Hence to understand the effects of NPs it is important to understand key aspects governing uptake into exposed organisms under realistic conditions.
For organisms that live in soils, NP exposure can be expected to occur through three main routes. Exposure through air is relevant only for more volatile chemicals and hence for NPs under normal soil moisture conditions is unlikely to be important. For the remaining two routes, namely exposure through contact with and transfer across the skin (dermal) and ingestion and transfer across the gut epithelium (oral), previous studies with conventional chemicals have generally suggested dermal exposure as the dominant route. This includes pesticides and non-polar organic chemicals in studies with woodlice and earthworms [9] and for Cd and Zn metal ions in a classic study by Vijver et 
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This article is protected by copyright. All rights reserved al. [10] that used surgical glue to inhibit soil ingestion. The latter approach allowed for separate analysis of dermal uptake with and without the additional inputs derived from ingestion and is adopted here.
Indications of dermal contact as the dominant route of exposure have underpinned the development of models, such as the free ion activity model (FIAM) [1] and later the biotic ligand model (BLM) [12] and related terrestrial bioavailability methods, that link soil solution chemistry and metal speciation modelling, to passive absorption and surface ligand binding on biological membranes, notably epidermis and gill and thereafter ultimately to toxic effects [11] [12] [13] [14] . The successful application of these models to explain the effects of variations in media properties on metal toxicity [15] [16] [17] has pointed to the validity of the assumptions inherent in these models, with exposure mainly through external body surfaces. However, although many studies have used the FIAM and BLM to explain metal bioavailability and toxicity, not all research has necessarily supported this conjecture regarding exposure routes. For example, the results of Cain et al. [18] suggested that free ion concentrations accounted for less than 5% of Cd and Cu accumulation in mayflies in aqueous exposure. While the identification of a dependence of uptake on gut physiology and microbiome composition [19, 20] also indicates dietary uptake as an important exposure route [21] .
Previous studies of soil invertebrate exposure to metal-based NPs have established that these materials can enter into the tissues either as intact particles or following dissociation to ions [6, 22, 23] .
In cases where the uptake of intact NPs is suggested it is, however, currently unclear how these materials enter tissues. This uncertainty currently places limits on the development of a modelling framework that can link NP exposure to uptake and effects, such as for example whether assumption of dermal uptake are valid. To specifically assess the importance of different potential exposure routes of NP uptake, we conducted a study to assess the toxicokinetic patterns of Ag uptake in earthworms exposed to both ionic and NP forms of Ag in soil, using the same oral sealing approaches as used by Vijver et al [10] to quantify the comparative contributions of both the dermal and oral exposure route.
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MATERIALS AND METHODS

Material supply and characterisation
Uptake studies were conducted with two chemical forms of silver, Ag NPs and Ag + ions derived from AgNO 3 . The Ag NPs used for the study were obtained from NanoTrade Ltd (Prague, Czech Republic). The material had an indicated average particle size of 50 nm and had no coatings or surface modifications. It was supplied as a white odourless dry powder. For initial material characterisation, dispersions of the supplied material (1 mg mL -1 ) were prepared in distilled water for analysis of particle morphology and size distribution analysis using transmission electron microscopy (TEM). For the analysis, a drop of the water dispersion was deposited on a holey carbon coated Cu TEM grid and dried at room temperature for several hours before examination. The instrument used was a JEOL 2010
analytical TEM incorporating a LaB6 electron gun operated between 80 and 200Kv and equipped with an Oxford Instruments LZ5 windowless energy dispersive X-ray spectrometer. The Ag nitrate salt (AgNO 3 , 99% purity) used was purchased from BHD Chemicals (Poole, UK) as a white crystalline powder.
Soil selection and spiking
The soil used for all Ag uptake kinetic studies was standardised LUFA 2.2 loam sand (LUFASpeyer, Germany) [24] . Measurement for the single purchased batch used for all studies indicated that this soil had a pH of 5.5  1.1 in a 3:1 water:soil slurry, an organic carbon content of 2.1  0.4 w/w %, a cation exchange capacity of 10  0.5 meq 100 g -1 , and a water holding capacity of 55%. The soil was initially screened through a 2 mm mesh to remove any large coarse material and to break up larger aggregates. The batch was then sub-divided into sufficient aliquots for each control, Ag NP spiked and [27] . After a further mixing, all soils were maintained for an initial period of one week to allow for the initial binding and interactions of the added Ag NPs and ions with soil solid phase and pore water components.
To validate background and added nominal Ag concentrations, samples were taken from a selection of the test replicates over the experimental period. These soil samples (~20 g) were initially oven dried at 80 o C and a 100 mg aliquot of this sample digested in 2 ml of a 4:1 mixture of
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This article is protected by copyright. All rights reserved hydrochloric acid (37% p.a., Baker, Grainger, USA) and nitric acid (65% p.a., Riedel-de-Haen, Seelze, Germany) in closed Teflon® bombs heated at 140 °C for 7 h. Digests were diluted with 8 ml of deionised water and analysed for total Ag by flame atomic absorption spectroscopy (Perkin Elmer AAnalyst 100). For quality assurance purposes, a certified reference material (River Clay, WEPAL-ISE-886) and reagent blanks were also analysed. The averages of measured Ag concentrations were within 25% of the certified reference value (River Clay contains 2.8 ± 0.4 mg Ag kg -1 , silver concentrations in the certified reference material ranged between 2.6 and 3.9 mg Ag kg -1 dry weight).
No Ag was detected in the blank samples. The experimental detection limit for the Ag measurements was 0.3 mg kg -1 .
Soil pore water samples were also collected for Ag analysis from separately prepared replicate soil samples by centrifugation (J2-HC, Beckman Coulter, California) for all four Ag treatments assessed. A 50 g batch of spiked soils was taken from these four replicates and saturated with 13.5 ml of Milli-Q water and centrifuged for 60 min at 4000 xg [7] . The samples (supernatants) were then acidified and analysed for total Ag concentration by flame atomic absorption spectroscopy (Perkin Elmer AAnalyst 100).
Uptake bioassay and tissue Ag analysis
All earthworms used were morphologically determined as Lumbricus rubellus (supplied by Lasebo BV, Nijkerkerveen, The Netherlands). This species was chosen because it is a widely distributed epigeic earthworm species in agricultural soils where it may come into contact with Ag in NP and ionic forms added through routes such as sewage sludge. Further, L. rubellus has also been found to be suitable for oral gluing studies [10] . All earthworms were initially maintained in a stock culture on a medium consisting of 1:1:1 mix of composted bark : Spagnum peat : loam soil and supplied ad libitum with a combination of horse manure collected from animals grazing uncontaminated pasture, and that had not undergone any recent medication and additional vegetable
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Of the earthworms selected for the experiment, half were subjected to oral sealing in order to prevent soil ingestion and, hence, exposure through the digestive tract. Sealing was achieved by covering the mouth parts in the first segment of the earthworm with medical histoacryl glue (Braun Aesculap, Germany). The glue was applied by dipping the earthworm's mouth in the glue as described in detail in the original paper [10] . Following gluing, all sealed and unsealed individuals were placed individually onto the surface of the unspiked, Ag NP and Ag + ion spiked soil. A total of 44 sealed and 44 unsealed earthworms were used for each of these treatments (2 x NP; 2 x ionic; 1 x reference) to provide a sufficient number of individuals for collection of 4 replicate earthworms for each of the 10 exposure times used for the uptake study. Four worms with individual fresh weights ranging from 1.15 to 2.02 g (average ± SD, 1.62 ± 0.21 g) were placed into glass jars containing about 360 g of dry soil.
All containers were checked after 1 h to ensure that the earthworms had burrowed into the test soil. stopped after 168 h to be sure that we were avoiding the time point from which earthworms could start experiencing physiological changes linked to starvation.
At 0 (i.e., worms taken from batch at the start of exposure), 4, 8, 24, 36, 48, 72, 96, 120 , and 168 h after initiation, 4 sealed and 4 unsealed individuals were removed from containers for each of the five treatments. Collected earthworms were rinsed, blotted dry on filter paper and weighed. The earthworms were then kept individually for 36 h in Petri dishes lined with a piece of moistened filter paper to allow them to void their gut content. To restrict coprophagy, the filter paper was changed after 24 h. The amount of excreta produced on filter paper by the sealed earthworms was checked. Only in four cases sealed worms excreted soil particles, those worms were excluded from further analyses. The
This article is protected by copyright. All rights reserved earthworms were then snap frozen, freeze-dried for 2 d and the dried tissue weighed. stretched across a hole in a plastic slide in order to minimize the Si signal associated with glass substrates. Slides were inserted into the standard I18 sample holder, and imaged 'externally' under brightfield conditions for orientation purposes.
X-ray fluorescence (XRF) data was collected using a Si (111) 
This article is protected by copyright. All rights reserved the same region of the sample were collected using an incident energy below the Ag L(II) edge at 3500 eV and one above the edge at 3580 eV. The signal in the Ag Lβ energy window in the lower energy map was subtracted from the signal in the higher energy map in PyMca 4.1.1 [29] , to remove the signal observed from the Argon Kβ line and produce the Ag XRF map. Ag XRF maps were acquired but spot µXANES scans at the Ag L(II)-edge X-ray Absorption Near-Edge Spectroscopy (XANES) spectra are not of sufficient quality to permit spectral analysis due to the relatively low levels signal detection from samples .
Data handling and statistical analysis
Uptake and elimination rate constants were estimated by applying a one-compartment first order kinetics model to the data for the uptake phase, with a constant start value C 0 . This model has been widely used in the ecotoxicological literature as a means to assess uptake and elimination kinetics. The one compartment model fitted to the data took the form:
Where t = exposure time (h), C w = internal concentration in the earthworms (µg g -1 dry weight), k 1 = uptake rate constant (g soil g earthworm -1 h -1 ), k 2 = elimination rate constant (h -1 ), C 0 = initial concentration in the earthworm (mg kg -1 dry weight), and C exp = exposure concentration (mg kg -1 dry soil). Two sets of values were calculated for the uptake rate, k 1-T was calculated using total measured Ag concentration and k 1-pw using silver concentration in the soil pore water. Equations were fitted to the replicate experimental data using least squared regression fitting in SPSS 17.1. From model fits, all parameter values including standard errors and/or confidence intervals and coefficient of determination (r 2 ) values indicating goodness of fit were derived. Significant differences between uptake rates for sealed and unsealed earthworms were compared using a generalised likelihood ratio test [30] .
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RESULTS
Material characterization and concentration validation
The TEM analysis of the supplied nanopowder indicated the presence of primary particles in the 50-80 nm range, with a smaller proportion of smaller 10-30 nm particles. These primary particles had often formed into loose agglomerates. These were not, however, stable structures as they were readily disintegrated by exposure to the TEM electron beam during analysis. Further, characterisation of these materials can be found in Diez et al. [31] .
Ag concentrations in control soil were below the method detection limit of 0.3 mg kg -1 .The average measured Ag concentrations in replicate soil samples from each treatment were > 85% of nominal values confirming the general efficiency of the spiking procedure (Table 1) . Ag concentrations in pore water samples were ten times higher for the soil spiked with ionic Ag than in soil spiked with Ag NPs at the same total nominal Ag concentrations (100 mg kg -1 ) ( Table 1) .
Ag uptake in sealed and unsealed earthworms
During the experiments, the burrowing capacity of sealed and unsealed earthworms was similar and they all disappeared into the soil. No obvious visual differences in activity and locomotion were found, although initially the sealed earthworms needed approximately 15 min to begin burrowing.
Hence the extent of dermal contact with the soils was not affected, when oral exposure was prevented.
No effect on survival was observed during the 96-h exposure period.
Ag concentrations in earthworms exposed to the unspiked soil were low (average Ag concentration was 0.02 µg g -1 dry weight, d.w.) over the duration of the exposure. This is consistent with the low background Ag levels found in this soil and confirms that the patterns of uptake seen are not the result of the accumulation of any background metal. Ag concentrations in L. rubellus exposed to both Ag forms increased with time ( Figure 1 ). For all eight data-sets for sealed and unsealed earthworms at two concentrations of Ag + ions and NPs, Ag uptake patterns could be described by the
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For unsealed worms, one compartment model fits indicated that uptake rates (k 1-T and k 1-pw ) were greater at the higher exposure concentrations in earthworms exposed to Ag ions (Table 2) , while non significant differences were found when exposed to different concentrations of Ag NPs (p < 0.05).
The earthworms that were subject to oral sealing with surgical glue also assimilated Ag from both forms of Ag (Figure 1 ). The Ag uptake seen for the Ag NPs, both with and without the potential for oral exposure, is not in itself indicative of direct NP uptake, because assimilation may be of the ions produced by dissolution. Comparing parameters for the earthworms exposed to 100 mg kg -1 of Ag + ions and Ag NPs indicated significantly higher uptake rates (k 1 ) for the ionic treatment (with a p<0.05, Table   2 ).
Even though there was assimilation of Ag from soil in sealed earthworms, inhibition of ingestion resulted in a substantial reduction in uptake of both Ag forms. Thus after 168 h, Ag tissue concentrations in sealed earthworms were between 40-75% of those in unsealed individuals across both Ag forms and exposure levels ( Figure 1 ). This suggests that for both Ag NPs and Ag + ions, soil ingestion is a major route of exposure. Thus in unsealed earthworms, body concentration reached equilibrium after 48-72 h when exposed to Ag + ion, but not until after 96 h in Ag NP exposures. In sealed earthworms, tissue Ag levels increased throughout the exposure period and did not reach equilibrium within 96 h `for both Ag forms (Figure 1 ).
Elimination rate constants in all cases were low and close to zero, and they were similar in both sealed and unsealed worms exposed to silver ions and silver nanoparticles at 100 mg kg -1 , suggesting that the elimination route might be similar independently of the exposure route.
Ag uptake by both unsealed and sealed earthworms raises questions regarding the target organs for Ag sequestration, and whether Ag was more efficiently accumulated within specific tissues
This article is protected by copyright. All rights reserved following experimental exposure for intact Ag NPs or for Ag + ions. To help address these questions, tissues of unsealed earthworms were analysed using synchrotron µ-XRF. The tissue specific in situ distribution of Silver (Ag), Sulphur (S) and Phosphorus (P) was derived for unsealed worms exposed to 500 mg kg -1 Ag NPs (Figures 2A & C) and unsealed worms exposed to 100 mg Ag kg -1 of Ag+ ions (Figures 2B & D) . Alcohol-fixed, methacrylate-embedded transverse sections (10 µM) were imaged directly using a light microscope and an area identified for µXRF mapping which included the majority of earthworm organs involved in metal sequestration and excretion (Figures 2A & B; areas showed by the perimeter of the black rectangle). Elemental distributions were derived using µXRF mapping performed under a helium environment, in order to minimise the interference of Argon K-edge.
Elemental fluorescence spectra were model and any residual contribution of Ar removed by spectral subtraction. This enabled us to overlay the distribution of Ag (shown in Blue) with S (green) and separately P (red), which provides us with the anatomical location of where Ag was. In order to confirm the presence of Ag, we XANES scans across the Ag L(II)-edge at specific points within tissues derived from Ag-NP and Ag-Ion (Figures 2C & D) . These showed that in NP-exposed unsealed earthworms Ag Figure 2C , spectra i-iv). Fluorescence mapping and XANES scanning under identical microfocus conditions and in equivalent tissue structures (spectra v-viii, Figure 2D ) at locations v-viii in the ion exposed specimen (centre) was unable to detect Ag in the earthworm.
DISCUSSION
The successful application of models such as the FIAM and BLM to explain the effects of variations in media properties on metal toxicity [15] [16] [17] has pointed to the validity of the assumptions of these models that relate to the concentration of the ionic form in contact with external surfaces (epidermis, gill). Attempts to apply models such as the BLM that assume dermal interactions with the dissolved metal to explain observed metal uptake and toxicity in soils dwelling organisms have generally been informative [15, 16] . Such assessments could be taken as an indication of exposure to the free dissolved ion occurring primarily through contact of external surfaces such as the body wall with the external media: notably the soil solution, because this is an assumption inherent in these models. So far, the application of the FIAM and BLM to explain the effects of metals on soil organisms
has not extended to studies with Ag. Further examples of the application of these two models to explain effects of metal and metal oxide based NPs are currently not available. Our studies on the relevance of different exposure routes for Ag ions and Ag NP uptake by earthworms are informative for the validity of such future application.
For geophagous groups such as earthworms, the gut-lining, like the skin, will be in near continuous contact with the soil medium. Hence for these species exposure to metals ions and other metal forms, including intact NPs, from diet is a clear possibility. Such intake via the gut provides the potential for exposure that may be additional to that resulting from dermal contact alone [9] . As many soil organisms live in and also consume the soil (and associated contaminants), disentangling the contribution of different exposure routes to uptake can be challenging. For example, even if gut exposure is actually an important site of uptake, deviations of accumulation rates from those derived from only epidermal exposure will only occur if gut physiology has a substantive influence on the rates of metal ion association with uptake sites or alternatively if the frequency of uptake sites in gut tissues exceeds that of the epidermis. If such differences are not the case, then metal transport over the body wall and gut epithelium will be effectively equivalent.
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To tease apart the contributions of different routes for chemical uptake by earthworms, a number of different approaches such as ligature [9] and oral gluing [10] to inhibit feeding have been applied. In the latter seminal study, gluing was suggested as a suitable approach for oral sealing, as it allowed normal burrowing and behaviour in the absence of feeding. This suggestion is confirmed by observations made in the present study. Thus the sealed L. rubellus used, showed no physical signs of skin irritation by the procedure and features such as mucus producing did not interfere with the setting of the glue. Further during the experiments, earthworm burrowing behaviour, physical appearance and survival were all normal. Thus, even though the sealing of the anterior end could have been potentially stressful, these effects did not appear to influence key physiological and behavioural parameters that could have affected metal uptake.
This study is to our knowledge the first to separate exposure routes for both Ag ion and also Ag NP (or indeed any nanoparticle) in a soil exposure experiment. As such the study provides a unique view of the role of different exposure routes for two different untested cases. The results for both the Ag ion and Ag NPs point to the relative importance of the intestinal route for Ag uptake, with oral sealing reducing Ag assimilation by between 40-75% in all four cases (2 Ag + ion concentrations, 2 Ag NP concentrations) (Figure 1 ). The relative contributions of the two exposure routes, most notably the dominance of oral exposure, were similar for whether exposure was to Ag + ions or Ag NPs. As the concentrations used here were above current anticipated environmental concentrations [32] , they need to be validated at lower concentrations. However, because no physiological effects were seen it may not be anticipated that behaviour or physiological difference would change uptake patterns at lower exposure concentrations.
The physiological basis for the dominance of Ag assimilation principally through the intestine, rather than the dermal route that appears dominant for other metals [10] , still remains open to speculation. This is compounded by the fact that in NP exposure, it is not certain whether accumulation is of intact NPs, released metal ions or both. One contributing factor could be the strong affinity of Ag + Acc e p ted P r e p r i nt
This article is protected by copyright. All rights reserved for soil organic matter [33] . This results in relatively low concentrations of free Ag + ions in soil pore water. When this organic matter is consumed, the presence of surfactant molecules and other conditions within the gut lumen may possibly allow the greater release of Ag into solution that may then be assimilated. Since the stability of Ag NPs in solution can be influenced by the presence of molecules such as surfactant molecules [34, 35] , similar processes may affect NP assimilation. Alternative suggestions to explain preferential Ag + ion and Ag NPs uptake in the gut could include a greater representation of key receptors for Ag such as the Na + /K + ATPase in the gut lining compared to body wall, or a specific speciation chemistry of Ag under the specific redox and solute conditions associated with the earthworm gut and its microbial community that particularly facilitate uptake.
To confirm whether the measured total Ag concentration in earthworms is actually internalized by cells and tissues, and not merely associated by adsorption onto dermal and gut epithelial surfaces, in situ Ag distribution mapping using a synchrotron-beam micro-focus imaging and analysis was carried out on unsealed earthworms exposed to the highest concentrations of Ag + ions and Ag NPs. The fate of assimilated Ag within earthworms showed a qualitative difference depending on the chemical form of
Ag to which they were exposed. Ag was detectable in setae ('hair') follicles, chloragogenous tissue and nephridia after 168 h exposure to Ag NPs, but could not be detected in any tissue of Ag + ion exposed earthworms. The difference is not easy to explain, especially since our bulk chemistry observations indicate that Ag is more readily accumulated when the exposure is to Ag + ions compared to Ag NPs.
Our micro-focus observations on Ag NP exposed earthworms suggest that the mechanism, if not the anatomical route, of Ag NP uptake could differ from that of Ag + ions. Ag was not adsorbed onto epidermal and epithelial surfaces. Indeed, the highly focal distribution of Ag in NP-exposed earthworm tissues implies that the metal was internalized mainly, if not exclusively, to local hotspot, potentially as intact NPs via endocytosis pathways in intestinal epithelia. This finding could support the identification of the gut as the major route of Ag uptake by earthworms as derived from the toxicokinetics studies of oral sealed and unsealed earthworms. This aspect, however, requires further confirmation from
This article is protected by copyright. All rights reserved additional imaging and mechanistic studies. Whether the detection of Ag near the base of the setae is also indicative of a hitherto unsuspected route of trans-epidermal uptake, or a means of NP excretion analogous to the recently identified hair follicle route in mammals [36] , also warrants further study.
The identification of the gut as the dominant route of uptake of Ag as ion and NPs has a number of specific implications for the way these chemicals can be handled within risk assessment. A current focus in metal and NP ecotoxicological research is to understand how environmental conditions such as pH and organic matter, and also for NPs relevant processes such as aggregation and dissolution, are related to toxicity. Models of ionic metal toxicity, such as the BLM, have been used to account for soil and water chemistry influences on toxicity and it has been proposed that such models could be useful for predicting the toxicity of metals and metal oxide NPs [37] . The BLM relies on a mechanistic assumption that the toxic effect is driven by the concentration of the free ion, as derived from measurement, that is able to bind to a relevant receptor (the "biotic ligand") after the competing effects of other cations on receptor occupancy have been taken into account. For NPs subject to dissolution, the relevance of the BLM for dissolved ions has been suggested. However, application for intact NPs
themselves has yet to be demonstrated [38] . 
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